
---. 
C 

-- S a t e l l i t e  and Rocket Observa t ions  

i n  t h e  A u r o r a l  Zone* 

BERNT N. MAEHLU 

I"+ 4 

+Department  of Space Sc ience  -- 

/ R I C E  UNIVERSITY 

Houston,  exa as* 
r 

GPO PRICE $ 
---- - - 

t' 

CFSTI PRICE(S) $ 

- 
I. B i! 

Hard copy (HC) - G 
9 

M~crofiche (MF) , - Y 

I n v i t e d  Survey paper  t pres,&$$ed a t  t h e  B i rke l and  - 
" - 

Symp-, ~epBb&@r 1967, (Sandef j o r d ,  Norway 2 -'. r- 

*Research suppor ted  i n  p a r t  by t h e  Na t iona l  Aeronaut ics  

and Space Adminis t ra t ion  under Con t r ac t  NAS6T,1061 and 
' a -  2 ;  

Grant  NsG-673.2 : 



SATELLITE AND ROCKET OBSERVATIONS I N  THE AURORAL ZONE 

by 
B e r n t  N. Maehlum 

Department of Space S c i e n c e  

R i c e  U n i v e r ? i t y  

Houston, Texas 

INTRODUCTION 

Recent  s t u d i e s  i n  t h e  a u r o r a l  zone performed by r o c k e t  and 

s a t e l l i t e  bo rne  i n s t r u m e n t s  can  be s e p a r a t e d  i n t o  t w o  g roups ,  which 

r e f e r  t o  d i f f e r e n t  regimes of t empora l  and s p a t i a l  r e s o l u t i o n .  

The  f i r s t  g roup  i n c l u d e s  s t u d i e s  of l a r g e  s c a l e  phenomena i n  

t h e  a u r o r a l  zone and s t a t i s t i c a l  s t u d i e s  of v a r i o u s  a u r o r a l  

phenomena. These ,  " c l i m a t o l o g i c a l "  s t u d i e s  of a u r o r a s ,  have mainly 

been based  on s a t e l l i t e  o b s e r v a t i o n s .  

s t u d i e s  of  f i n e - s t r u c t u r e  w i t h i n  a u r o r a l  forms ,  mainly based  on rocke t  

o b s e r v a t i o n s ,  which g i v e  u s  " snapsho t s "  of t h e  a u r o r a l  "weather"  a t  

one  p a r t i c u l a r  p l a c e  i n  a v e r y  l i m i t e d  t i m e  i n t e r v a l .  

The second group refers  t o  

A t  p r e s e n t  w e  have a c e r t a i n  amount of i n f o r m a t i o n  on t h e  a u r o r a l  

p a r t i c l e  " c l i m a t e "  from* a series of s a t e l l i t e  o b s e r v a t i o n s ,  a t  

l e a s t  f o r  e l e c t r o n s  w i t h  e n e r g i e s  g r e a t e r  t h a n  10 keV i n  t h e  a l t i t u d e  

r ange  250-2000 km. I n  a d d i t i o n ,  s c a t t e r e d  o b s e r v a t i o n s  from sounding  

r o c k e t s  have been  o b t a i n e d  a t  h i g h  l a t i t u d e s  above v a r i o u s  American 

and European r o c k e t  l aunch  s i tes  n e a r  t h e  a u r o r a l  zone ,  b u t  v e r y  

l i t t l e  h a s  y e t  been  done i n  a s y s t e m a t i c a l  way t o  s t u d y  how the  p a r t i c l e  

energy  spectrum and p i t c h  a n g l e  d i s t r i b u t i o n s  v a r y  n e a r  a u r o r a l  forms. 
- . I 

/ 

I n v i t e d  su rvey  p a p e r  t o  be p r e s e n t e d  a t  t h e  B i r k e l a n d  Symposium, 

September 1 9 6 7 ,  S a n d e f j o r d ,  Norway. 
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I n  t h e  p r e s e n t  p a p e r  a brief s u r v e y  of t h e  p a r t i c l e  " c l i m a t e "  

i n  t h e  a u r o r a l  zone w i l l  be g i v e n  i n  S e c t i o n  2 a s  a background 

fo r  a more d e t a i l e d  d i s c u s s i o n  on p e c u l i a r i t i e s  i n  t h e  a u r o r a l  

zone d u r i n g  i n d i v i d u a l  d a y s ,  which w i l l  be p r e s e n t e d  i n  S e c t i o n s  

3 ,  4 and 5. S e c t i o n  3 c o n t a i n s  r e s u l t s  from a r e c e n t  s t u d y  of t h e  

" q u i e t  n i g h t "  f l u x  of a u r o r a l  e l e c t r o n s ,  and i n d i v i d u a l  observa-  

t i o n s  of t h e  a u r o r a l  pd r t i c l e  ene rgy  s p e c t r a  and p i t c h a n g l e  

d i s t r i b u t i o n s  a r e  d i s c u s s e d  i n  S e c t i o n s  4 and 5 ,  r e s p e c t i v e l y .  

... 2 .  Averaqe p a r t i c l e  f l u x e s  i n  t h e  a u r o r a l  zone. 

I n  t h e  p r e s e n t  s e c t i o n  w e  d i s c u s s  only  a f e w ,  ave rage  p r o p e r t i e s  

of t h e  p a r t i c l e  p r e c i p i t a t i o n  i n  t h e  a u r o r a l  zone. A more comple te  

d i s c u s s i o n  of t h e  p a r t i c l e  " c l i m a t e "  h a s  been p r e s e n t e d  by grown 

(1966) and H u l t q v i s t  P (1964) .  

The main q u a l i t a t i v e  r e s u l t s  from s t a t i s t i c a l  s t u d i e s  of 

p r e c i p i t a t e d  e l e c t r o n s  i n  t h e  a u r o r a l  zone a r e :  

1) The p r e c i p i t a t i n g  f l u x e s  of 10-100 keV energy  e l e c t r o n s  

a r e  g e n e r a l l y  h i g h e r  and show more r a p i d  t i m e  and s p a t i a l  

v a r i a t i o n s  n e a r  the  a u r o r a l  zone t h a n  a t  o t h e r  l a t i t u d e s .  

2 )  The ave rage  a u r o r a l  e l e c t r o n  energy  spec t rum a p p e a r s  

t o  be more r i c h  i n  low ene rgy  e l e c t r o n s  .(E<10 keV) t h a n  t h e  

e l e c t r o n  s p e c t r a  f u r t h e r  s o u t h  (O 'Br ien  e t  a l ,  1964, McIlwain,  

1960) .  

3)  The f l u x e s  o f  p r e c i p i t a t e d  e l e c t r o n s  above 4 0  keV show 

a s i g n i f i c a n t  i n c r e a s e  w i t h  i n c r e a s i n g  geomagnet ic  a c t i v i t y .  

( O ' b r i e n ,  1964) .  
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4 )  The p i t c h a n g l e  d i s t r i b u t i o n  o f  t h e  a u r o r a l  e l e c t r o n s  

v a r i e s  w i t h  t h e  e l e c t r o n  f l u x e s .  During t i m e  ( o r  s p a c e )  

i n t e r v a l s  of h i g h  f l u x e s  i n  t h e  a u r o r a l  zone t h e  d i s t r i b u t i o n  

approaches  i s o t r o p y .  According t o  p r e s e n t  b e l i e f  t h e  pre- 

c i p i t a t e d  e l e c t r o n  f l u x e s  canno t  exceed t h e  t r a p p e d  f l u x e s .  

1.e. an  i s o t r o p i c  e l e c t r o n  f l u x  i s  t h e  l i m i t i n g  p i t c h a n g l e  

d i s t r i b u t i o n  d u r i n g  p e r i o d s  of enhanced p r e c i p i t a t i o n .  

5 )  The t o t a l  ene rgy  c a r r i e d  by t h e  p r e c i p i t a t e d  e l e c t r o n s  

i n  t h e  a u r o r a l  r e g i o n s  h a s  been  e s t i m a t e d  by  O 'Br i en  (1964) 

t o  v a r y  between 4 . 1 0 ' ~  and 10 18 .- ergs/sec d u r i n g  v a r i o u s  

degree o f  geomagnet ic  a c t i v i t y .  

The r a p i d  v a r i a t i o n s  i n  t h e  e l e c t r o n 3  f l u x e s  i n  t h e  a u r o r a l  zone 

i s  though t  t o  be t h e  c o u n t e r p a r t  of  t h e  v a r i a t i o n s  i n  t h e  a u r o r a l  

b r i g h t n e s s .  Rocket  o b s e r v a t i o n s  show t h a t  t h e  h i g h e s t  f l u x e s  a r e  

g e n e r a l l y  found n e a r  t h e  most luminous r e g i o n s  (McIlwain 1960,  

Davis  e t  a 1 ,  1960; Ulwick, 1 9 6 7 ) ,  b u t  u n f o r t u n a t e l y ,  v e r y  few 

o b s e r v a t i o n s  a r e  t o d a y  a v a i l a b l e  t o  a c t u a l l y  show how t h e  e l e c t r o n  

f l u x e s  v a r y  close t o  and i n s i d e  a u r o r a l  forms. 

The f i r s t ,  and p o s s i b l y  s t i l l  t h e  o n l y  p u b l i s h e d  s imul t aneous  

o b s e r v a t i o n s  of p r e c i p i t a t e d  e l e c t r o n  f l u x e s  and o p t i c a l  a u r o r a l  

i n t e n s i t y  from a s a t e l l i t e  was o b t a i n e d  b y - I n j u n  3 (O 'Br ien  and 

T a y l o r ,  1964) .  F i g u r e  1 ,which  h a s  appeared  i n  a number of r e c e n t  

rev iew p a p e r s  on a u r o r a s  and p a r t i c l e s  shows an  example o f  an ex- 

c e l l e n t  agreement  between t h e  l o c a t i o n  of a b r o a d  r e g i o n  of l i g h t  

emis s ion  and o f  h i g h  p r e c i p i t a t i o n  of  e l e c t r o n s  above 40 keV. The 

f i n e - s c a l e  s t r u c t u r e  i n  t h e  e l e c t r o n  ene rgy  and p i t c h a n g l e  d i s t s i b u -  

t i o n  n e a r  t h e  a u r o r a l  forms was n o t  d i s c u s s e d  by  O 'Br ien  and Tay lo r  

(1964) .  For such  s t u d i e s  one would p r o b a b l y  need s a t e l l i t e  b o r n e  
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TV cameras and p a r t i c l e  c o u n t e r s  w i t h  ex t r eme ly  h i g h  t i m e  r e s o l u t i o n ,  

Some e f f o r t  h a s  been  p u t  i n t o  t h e  s t u d y  o f  t h e  h i g h  l a t i t u d e  

t r a p p i n g  boundary and i t s  r e l a t i o n  t o  t h e  a u r o r a l  zone. The 

l a t i t u d e  changes  i n  t h e  p o s i t i o n  o f  t h e  boundary of t r a p p i n g  i s  

s i m i l a r  t o  t h e  changes  i n  t h e  l o c a t i o n  of  t h e  a u r o r a l  o v a l  (Akasofu,  

1 9 6 7 ) ,  and i t  h a s  been  s u g g e s t e d  t h a t  a u r o r a l  phenomena a r e  

c l o s e l y  r e l a t e d  t o  t h i s  boundary (Maehlum and O 'Br i en ,  1 9 6 3 ) ,  b u t  

it i s  n o t  a t  a l l  c l e a r - w h e t h e r  most of  t h e  v a r i o u s  upper  a tmosphere 

phenomena i n  t h e  a u r o r a l  zone  occur  n o r t h  o r  s o u t h  o f  t h e  boundary 

( S t o l o v ,  1966; Lassen ,  1 9 6 7 ) .  S a t e l l i t e  o b s e r v a t i o n s  have  shown 

t h a t  v e r y  l o c a l i z e d ,  low ene rgy  e l e c t r o n  p r e c i p i t a t i o n  o c c u r s  

o u t s i d e  o f  what i s  be l ieved  t o  be t h e  " t r a p p i n g  boundary" ( F r i t z  

and G u r n e t t ,  1965; McDiarmid e t  a l ,  1 9 6 5 ) ,  b u t  t h e  impor tance  o f  t h e s e  

e l e c t r o n s  i n  p roduc ing  v a r i o u s  upper  a tmosphere phenomena h a s ,  t o  

my knowledge, neve r  been  i n v e s t i g a t e d .  R e c e n t l y ,  R e i d  a s  

P a r t h a s a r a t h y  (1966) found e x c e l l e n t  c o r r e l l a t i o n  between t h e  e l e c t r o n  

f l u x e s  a t  a d i s t a n c e  of 28 e a r t h  r a d i i  i n  t h e  geomagnet ic  t a i l  and 

phenomena i n  t h e  a u r o r a l  zone. T h i s  o b s e r v a t i o n  i n d i c a t e s  t h a t  a t  

l e a s t  some of t h e  a u r o r a l  phenomena a r e  produced  o u t s i d e  t h e  r e g i o n  

of  e l e c t r o n  t r a p p i n g .  

Very l i t t l e  is y e t  known a b o u t  t h e  p r o t o n  f l u x e s  i n  t h e  

a u r o r a l  zone.  I t  appeared  e a r l y  t h a t  t h e  p r o t o n  f l u x e s  v a r y  much 

more smoothly i n  t i m e  and s p a c e  t h a n  t h e  a u r o r a l  e l e c t r o n  f l u x e s  

(Davis  e t  a l ,  1960) .  T h i s  i s  i n  good agreement w i t h  o p t i c a l  ground 

o b s e r v a t i o n s  (See E a t h e r ,  1967) .  I t  i s  n o t  y e t  c e r t a i n  whether  t h e  

e l e c t r o n  and p r o t o n  f l u x e s  a r e  c o r r e l l a t e d ,  u n c o r r e l l a t e d ,  o r  

a n t i c o r r e l l a t e d  [Mozer and B r i s t o n ,  1966; Romick and E lvey ,  1958) .  

The ave rage  r a t i o  between t h e  t o t a l  p r e c i p i t a t e d  e l e c t r o n  energy  

and t h e  p r e c i p i t a t e d  p r o t o n  energy  h a s  been  measured by  t h e  Lockheed- 

group t o  be 5-10 (Evans e t  a l ,  1966) .  A l b e r t  (1967) h a s  found t h a t  
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t h e  t o t a l  number of p r e c i p i t a t e d  e l e c t r o n s  i n  a v i s i b l e  a u r o r a  

i s  about  100 t i m e s  h i g h e r  t h a n  t h e  number of p r o t o n s .  A f e w  

r o c k e t  o b s e r v a t i o n s  of p r e c i p i t a t i n g  p r o t o n  f l u x e s  show t h a t  t h e  

p i t c h a n g l e  d i s t r i b u t i o n  of t h e  p r o t o n s  i s  i s o t r o p i c  or peaked i n  

a d i r e c t i o n  normal t o  t h e  l o c a l  geomagnet ic  f i e l d  (Sharp e t  a l ,  

1966; Mozer and B r u s t o n ,  1966; Whalen e t  a l ,  1 9 6 7 ) .  

Some 13 p r o t o n  ene rgy  s p e c t r a  have been  o b t a i n e d  i n  t h e  a u r o r a l  

zone by r o c k e t s .  The best f i t  e x p o n e n t i a l  spec t rum h a s  an e - f o l d i n g  

ene rgy  of - 15 keV i n  t h e  1-100 keV energy  r ange  (Sharp  e t  a l ,  1966; 

A l b e r t ,  1967 and Whalen e t  a l ,  1967)  i n c r e a s i n g  t o  50-150 keV f o r  

e l e c t r o n  e n e r g i e s  above 100 keV (Mozer, 1965,  McIlwain,  1960; Mozer. 

and B r u s t o n ,  1966; a a a s  and Trumpv, 1966) .  The p r o t o n  f l u x e s  v a r y  

ove r  many decades  and t h e  h i g h e s t  f l u x e s  r e p o r t e d  a r e  -10 sec s t e r a d  c m  

( A l b e r t ,  1967; WhaLen e t  a l ,  1967) .  

8 -1 -1 -2 

ELECTRON PRECIPITATION DURING GEOMAGNETICALLY CALM NIGHTS,  

Most s t u d i e s  of e l e c t r o n  p r e c i p i t a t i o n  i n  t h e  a u r o r a l  zone a r e  

b a s e d  on d a t a  o b t a i n e d  d u r i n g  s p e c t a c u l a r  e v e n t s ,  o r  d a t a  o b t a i n e d  

d u r i n g  v a r i o u s  d e g r e e  of geomagnet ic  a c t i v i t y  have b e e n  merged 

t o  g i v e  ave rage  v a l u e s .  Very l i t t l e  a t t e n t i o n  h a s  been  p a i d  t o  t h e  

morphology of t h e  "background e l e c t r o n  d r i z z l e ' '  d u r i n g  q u i e t  p e r i o d s .  

The ave rage ,  peak  d i r e c t i o n a l  f l u x e s  of p r e c i p i t a t e d  e l ec t rons  of 

h i g h e r  t h a n  40 keV energy  v a r y  between 10 and 10  #/cm sec s t e r a d  

d u r i n g  periods of l o w  geomagnet ic  a c t i v i t y  a t  h i g h  l a t i t u d e s  ( O ' B r i e n ,  

1 9 6 4 ) ,  w i t h  a median v a l u e  of 3.10 #/cm sec s t e r a d .  

2 5 2 

3 2 

I n  o r d e r  t o  s t u d y  t h e  q u i e t  day e l e c t r o n  p r e c i p i t a t i o n  i n  t h e  

a u r o r a l  zone i n  s o m e ( d e t a i 1 ,  d a t a  o b t a i n e d  by three Ge ige r  c o u n t e r s  on 

I n j u n  3 . d u r i n g  a g e o m a g n e t i c a l l y  q u i e t  p e r i o d  i n  Feb. 1963 w e r e  ana lyzed .  
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The t h r e e  6213 G e i g e r  c o u n t e r s  were mounted on t h e  s a t e l l i t e  

i n  t h e  d i r e c t i o n s  0 , 50 and 90 r e l a t i v e  t o  t h e  l o c a l  geomagnet ic  
0 0 0 

f i e l d  v e c t o r  and t h e  s a t e l l i t e  o r i e n t a t i o n  was kept c o n s t a n t  

r e l a t i v e  to t he  f i e l d  by  a b a r  magnet. Data  from 50 s a t e l l i t e  

p a s s e s ,  which w e r e  d i s t r i b u t e d  u n i f o r m i l y  th roughou t  l o c a l  n i g h t  

(between 2130 and 0700) w e r e  u sed  i n  t h e  a n a l y s i s .  

The f i r s t  r e s u l t  from t h i s  s t u d y  t o  be d i s c u s s e d  is  r e l a t e d  

t o  t h e  d i u r n a l  v a r i a t i o f i  i n  t h e  e l e c t r o n  p r e c i p i t a t i o n  d u r i n g  q u i e t  

n i g h t s .  During a l l  p re-midnight  p a s s e s  t h e r e  was an e x t r e m e l y  w e l l  

d e f i n e d  n o r t h e r n  boundary (L ) i n  the  f l u x e s  of t r a p p e d  e l e c t r o n s  

( F i g u r e  2 ) .  J u s t  s o u t h  of t h i s  boundary t h e r e  was a narrow r e g i o n .  

of e l e c t r o n  p r e c i p i t a t i o n ,  and t h e  p a r t i c l e s  showed a h i g h  degree 

of i s o t r o p y  i n  t h i s  r e g i o n .  F u r t h e r  s o u t h  t h e  f l u x e s  of e l e c t r o n s  

w e r e  always h i g h l y  a n i s o t r o p i c ,  a l though  e l e c t r o n  p r e c i p i t a t i o n  

N 

o c c a s i o n a l l y  o c c u r r e d  a t  some d i s t a n c e  from t h e  boundary.  

A f t e r  m i d n i g h t ,  and i n  p a r t i c u l a r  toward t h e  morning h o u r s  t h e  

e l e c t r o n  f l u x e s  w e r e  more i s o t r o p i e a l l y  d i s t r i b u t e d  o v e r  a l a r g e  

l a t i t u d e  i n t e r v a l ,  and t h e  f l u x e s  o f  p r e c i p i t a t e d  e l e c t r o n s  w e r e  

g e n e r a l l y  h i g h e s t  i n  t h e  morning,  During none o f  t h e  pos t -midnight  

p a s s e s  d id  w e  o b s e r v e  a s h a r p  n o r t h e r n  t e r m i n a l  i n  t h e  t r a p p e d  

e l e c t r o n  f l u x e s  s i m i l a r  t o  what  was found before midnight .  The 

t r a n s i t i o n  from a narrow t o  a b road  r e g i o n  of p r e c i p i t a t i o n  seems 

t o  occur  close t o  l o c a l  midnight .  

One c o u l d  s p e c u l a t e  whether  t h i s  evening-morning assymmetry 

i n  t h e  e l e c t r o n  p r e c i p i t a t i o n  d u r i n g  q u i e t  c o n d i t i o n s  i n d i c a t e s  

t h a t  t h e  r e g i o n  of a c c e l l e r a t i o n  a c t u a l l y  i s  b r o a d e r  i n  t h e  l a t e  

n i g h t  t h a n  i n  t h e  even ing  h o u r s ,  or  i f  t h e  assymmetry is  caused  by a 

non-symmetrial  geomagnet ic  "gu id ing"  between t h e  a c c e l l e r a t i n g  
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r e g i o n  and t h e  a u r o r a l  zone. N o  s i m i l a r  assymmetr ies  have  been 

r e p o r t e d  i n  t h e  e q u a t o r i a l  e l e c t r o n  f l u x e s ,  b u t  r e c e n t  o b s e r v a t i o n s  

by Freeman and Maquire (1967) show t h a t  a t  l e a s t  p r o t o n s  a r e  

a f f e c t e d  by  some non-symmetrical  p r o c e s s e s  i n  t h e  e q u a t o r i a l  p l a n e  

o r  i n  t h e  geomagnet ic  t a i l .  

M o s t  of t h e  e a r l i e r  s t a t i s t i c a l  s t u d i e s  o f  h i g h  l a t i t u d e  e l e c t r o n  

p r e c i p i t a t i o n  have been  referred t o  a f rame of r e f e r e n c e  which i s  

fixed r e l a t i v e  t o  t h e  g a r t h ,  and t h i s  may be t h e  r e a s o n  why t h e  

p e c u l i a r i t i e s  i n  t h e  d i u r n a l  v a r i a t i o n s  d u r i n g  q u i e t  c o n d i t i o n s  have  

n o t  been  s e e n  b e f o r e .  I n  o r d e r  t o  do a p r o p e r  s t a t i s t i c a l  s t u d y  of 

p a r t i c l e  p r e c i p i t a t i o n ,  i n  p a r t i c u l a r  before l o c a l  m i d n i g h t ,  one 

shou ld  p r o b a b l y  u s e  a f rame o f  r e f e r e n c e  which i s  f i x e d  r e l a t i v e  

t o  t h e  boundary of t r a p p i n g .  The boundary o f  t r a p p i n g  seems.to be 

a n a t u r a l  o r i g i n  f o r  s t u d i e s  of h i g h  l a t i t u d e  phenomena, j u s t  a s  

t h e  a u r o r a l  o v a l  would p r o v i d e  a c o n v e n i e n t  r e f e r e n c e  f o r  o p t i c a l  

phenomena (Akasofu, 1967) .  I n  F i g u r e  3 d a t a  from 10  pre-midnight  

p a s s e s  a r e  p l o t t e d  i n  an L-coord ina te  system w i t h  t h e  h i g h  l a t i t u d e  

boundary a s  o r i g i n .  The narrow r e g i o n  of i s o t r o p i c  p i t c h  a n g l e  

d i s t r i b u t i o n  s o u t h  o f  L i s  c l e a r l y  s e e n  i n  t h i s  p l o t .  N 
The t i m e  and s p a t i a l  v a r i a t i o n s  i n  t h e  e l e c t r o n  ene rgy  spectrum 

c o u l d  n o t  be s t u d i e d  d u r i n g  t h e  geomagne t i ca l ly  q u i e t  period, b e c a u s e  

t h e  e l e c t r o n  f l u x e s  w e r e  too l o w .  The p h o t o m e t r i c  o b s e r v a t i o n s ( 1  = 

39148) d i d ,  however, i n d i c a t e  t h a t  t h e  low ene rgy  e l e c t r o n  f l u x e s  

normal ly  showed a peak  n e a r  L a l though  t h e r e  w e r e  some e x c e p t i o n s .  

( F i g u r e  4 ) .  During r e v o l u t i o n  807 t h e  s p a t i a l  d i s t r i b u t i o n  of t h e  

l i g h t  d i f f e r e d  s i g n i f i c a n t l y  from t h e  p a t t e r n  of t h e  "h igh"  energy  

e l e c t r o n  p r e c i p i t a t i o n .  

N' 

E a r l i e r  o b s e r v a t i o n s  by  Wil l iams  (1966) have  shown t h a t  t h e  

boundary of t r a p p e d  e l e c t r o n s  i s  d i f f e r e n t  fo r  d i f f e r e n t  e n e r g i e s .  
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N W e  do n o t  know whether t h e  peak  i n  t he  v i s u a l  a u r o r a  n o r t h  of  L 

shown i n  F i g u r e  4 (Rev. 807) a c t u a l l y  i s  i n s i d e  a l o w  ene rgy  e l e c t r o n  

t r a p p i n g  r e g i o n ,  or i f  p r e c i p i t a t i o n  of  low energy  e l e c t r o n s  

o c c a s i o n a l l y  t a k e s  p l a c e  n o r t h  of t h e  boundary of t r a p p i n g  (McDiarmid 

and Burrows, 1965; F r i t z  and G u r n e t t ,  L965) even d u r i n g  geomagne t i ca l ly  

q u i e t  c o n d i t i o n s .  

Very l i t t l e  d a t a  from o p t i c a l  measurements on t h e  s a t e l l i t e  

a r e  a v a i l a b l e  f o r  t h e  period a f t e r  l o c a l  midn igh t ,  and w e  a r e  n o t  

i n  a p o s i t i o n  t o  i n v e s t i g a t e  how t h e  "width"  of t h e  o p t i c a l  a u r o r a l  

zone v a r i e s  d u r i n g  t h e  n i g h t  d u r i n g  q u i e t  c o n d i t i o n s ,  Recent  works 

by F e - l d s t e i n  and S t a r k o v ,  

expans ion  i n  t he  "zone of l i g h t "  can  be t r a c e d  from a l l - s k y  camera 

o b s e r v a t i o n s ,  They f i n d  t h a t  the  ave rage  ''zone of  l i g h t "  i n c r e a s e s  

from -2 t o  -5 n e a r  l o c a l  midnight  d u r i n g  geomagne t i ca l ly  q u i e t  

p e r i o d s ,  i n  f a i r  agreement  w i t h  o u r  f i n d i n g s .  

(1967) have ,  however, shown t h a t  a midn igh t  

0 0 

E l e c t r o n  ene rqy  s p e c t r a  i n  a u r o r a s  

Recent  y e a r s '  e x t e n s i v e  s t u d i e s  of  t h e  p r e c i p i t a t e d  e l e c t r o n  

f l u x e s  have  shown t h a t  t h e  a u r o r a l  e l e c t r o n s  g e n e r a l l y  have a much 

s o f t e r  energy  spec t rum t h a n  t h e  e l e c t r o n s  i n  t h e  h e a r t h  of t h e  o u t e r  

r a d i a t i o n  zone (O 'Br ien  e t  a l ,  1962; Sharp  e t  a l ,  1 9 6 5 ) -  M o s t  of t h e  

d i f f e r e n t i a l  e l e c t r o n  ene rgy  s p e c t r a  have  been  approximated by a power 

law spectrum w i t h  exponent  y = 4-6, o r  by an e x p o n e n t i a l  spec t rum w i t h  

e - f o l d i n g  energy  E = 5-25 keV i n  t h e  10-100 keV energy  r e g i o n  

(McIlwain, 1960; Sharp  e t  a l ,  1965; O'Br ien  e t  a l ,  1962) upon which 

t h e r e  o c c a s i o n a l l y  i s  supe rposed  a " l inespec t rumr l  (McIlwain,  1960; 

Johnson e t  a l ,  1967): 

0 

A s y s t e m a t i c  change i n  the shape  of t h e  e l e c t r o n  ene rgy  spec t rum 

w i t h  geomagnet ic  a c t i v i t y  or w i t h  a u r o r a l  l u m i n o s i t y  h a s  neve r  

been  reported, a l t h o u g h  it h a s  been  s u g g e s t e d  t h a t  there a r e  two d is -  

t i n c t  t y p e s  of s p e c t r a  c a u s e d b y  d i f f e r e n t  s o u r c e s  (Evans,  1967) .  

The f irst  spec t rum;  which i s  obse rved  n e a r  luminous r e g i o n s  i s  
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steep; whereas  t h e  o t h e r  t y p e  o f  spec t rum,  which i s  much f l a t t e r ,  

i s  observed  i n  c o n j u n c t i o n  w i t h  a u r o r a l  r a d i o  wave a b s o r p t i o n  

(Brown, 1966; McDiarmid and Budz insk i ,  1964; Evans,  1 9 6 7 ) .  

Recent  d e t a i l e d  r o c k e t  o b s e r v a t i o n s  of t h e  e l e c t r o n  e n e r g y  s p e c t r u m  

o b t a i n e d  i n s i d e  and n e a r  a u r o r a l  forms show t h a t  t h e r e  i s  no g e n e r a l  

" s o f t e n i n g "  i n  t h e  spec t rum w i t h  i n c r e a s i n g  l u m i n o s i t y .  I n  f a c t ,  

t h e  s o f t e s t  spec t rum seems t o  be observed  i n  a u r o r a l  glow (McIlwain,  

1960) whereas  t he  a v e r a g e  e l e c t r o n  energy  i s  much h i g h e r  i n s i d e  

a u r o r a l  forms (Ulwick, 1967) .) 

A series of r e c e n t  e l e c t r o n  o b s e r v a t i o n s  i n  t h e  a u r o r a l  zone have .. 
shown t h a t  t h e  e x t e n t  of  e l e c t r o n  p r e c i p i t a t i o n  nea r  v i s u a l  a u r o r a  

v a r y  w i t h  t h e  ene rgy ,  and t h e r e  a r e  some i n d i c a t i o n  t h a t  t h e  h i g h e s t  

l u m i n o s i t y  r e g i o n s  c o i n c i d e  w i t h  "ha rd"  r e g i o n s  of t h e  e lec t ron  

s p e c t r u m ,  and t h e  luminous r e g i o n s  a r e  su r rounded  by " s o f t e r "  

e l e c t r o n  s p e c t r a  (Evans,  1967) .  

O 'Br ien  and c o l l a b o r a t o r s  (LaQuey e t  al., (1965) and Wester lund  

e t  a l ,  (1965))measured  t h e  e l e c t r o n  spec t rum i n  t h e  4-10 keV r e g i o n  

i n  and n e a r  an a u r o r a l  band b y  a sounding  r o c k e t  i n  1963. They found 

t h a t  i n s i d e  t h e  a u r o r a l  band t h e  d i f f e r e n t i a l  e l e c t r o n  spectrum 

was a lmos t  " f l a t "  i n  t h e  4-10 keV r e g i o n .  Near t h e  boundary of t h e  

band t h e r e  was a s i g n i f i c a n t  s o f t e n i n g  i n  t h e  e l e c t r o n  s p e c t r u m  a s  

t h e  l o w e s t  ene rgy  e l e c t r o n  p r e c i p i t a t i o n  ex tended  o v e r  a s i g n i f i c a n t l y  

l a r g e r  r e g i o n  i n  s p a c e - ( o r  t i m e )  t h a n  t h e  h i g h e r  energy  e l e c t r o n s .  

I n  f a c t ,  t h e  l o w  e n e r g y  e l e c t r o n  f l u x e s  r e a c h e d  a maximum v a l u e  

n e a r  t h e  boundary of t h e  band.. N o  e l e c t r o n  f l u x  v a r i a t i o n s  w e r e  

observed  above 50 keV. 

S i m i l a r  i n d i c a t i o n s  of s p e c t r a l  h a r d e n i n g  i n s i d e  a u r o r a l  forms 

have been  observed  by Evans (1967) and R i e d l e r  (1966) ,  a l though  t h e  
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h a r d e n i n g  i n  t h e s e  c a s e s  e x t e n d s  t o  much h i g h e r  e n e r g i e s  t h a n  

what was obse rved  d u r i n g  t h e  expe r imen t  r e p o r t e d  by  Wester lund  e t  a l ,  

(1965) .  Evans '  o b s e r v a t i o n  was o b t a i n e d  c l o s e  t o  l o c a l  midn igh t  

i n  t h e  v i c i n i t y  of an a u r o r a l  band.  Although t h e  a u r o r a l  l u m i n o s i t y  

n e a r  t h e  r o c k e t  showed s i g n i f i c a n t  v a r i a t i o n s  d u r i n g  t h e  f l i g h t ,  t h e  

l o w  energy  (E 4 keV) e l e c t r o n  f l u x e s  s t a y e d  a lmost  c o n s t a n t .  

The h i g h  ene rgy  e l e c t r o n  f l u x e s  (E >40 keV) on t h e  o t h e r  hand,  

" fo l lowed t h e  observed  v a r i a t i o n s  i n  t h e  i n t e n s i t y  of t h e  z e n i t h  

a u r o r a l  form" (Evans, 1 9 6 7 ) .  Sha rp  e t  a l ,  (1965) conclude  on 'the 

b a s i s  of s a t e l l i t e  o b s e r v a t i o n s  t h a t  t h e  l a r g e s t  v a r i a t i o n s  i n  t h e  

e l e c t r o n  f l u x e s  n e a r  a u r o r a l  forms occur  i n  t h e  energy  r a n g e  above 

1 0  keV, which i n d i r e c t l y  s u p p o r t s  Evans '  f i n d i n g s .  

e 

e 

The most s t r i k i n g  example of t h e  s p e c t r a l  ha rden ing  i n  t h e  

e l e c t r o n  ene rgy  r a n g e  b e l o w  100 keV n e a r . v i s u a 1  a u r o r a l  forms h a s  

been  p r e s e n t e d  by R i e d l e r  (1966) ,  who conducted  a 5 energy  channe l  

e l e c t r o n  spectrometer r o c k e t  expe r imen t  which was launched i n t o  

q u i e t  a u r o r a l  forms a f t e r  l o c a l  midn igh t .  The r o c k e t  a l s o  c a r r i e d  

a photometer  w i t h  a 4 2 7 8 8  f i l t e r  ( c o u r t e s y  A. Omholt) which p r o v i d e s  an 

e x c e l l e n t  t o o l  f o r  l o c a t i n g  t h e  p o s i t i o n  of  t h e  a u r o r a l  forms. The 

t i m e  v a r i a t i o n s  of t h e  photometer  o u t p u t  and t h e  v a r i a t i o n s  i n  t h e  

e l e c t r o n  f l u x e s  (E>40  keV) a r e  shown i n  F i g u r e  5 .  The maxima i n  t h e  

l i g h t  i n t e n s i t y  o c c u r r e d  c l o s e  t o  t h e  maxima i n  t h e  e l e c t r o n  f l u x e s .  

A f u l l  d i s c u s s i o n  of  t h e  t i m e  v a r i a t i o n s  i n  t h e  spec t rum h a s  been  

g i v e n  by R i e d l e r  (1966).  I n  t h i s  p a p e r  w e  w i l l  c o n c e n t r a t e  on a 

q u a l i t a t i v e  d i s c u s s i o n ,  b a s e d  on t h e  r a t i o  between t h e  i n t e g r a l  

f l u x e s  of e l e c t r o n s  above 40 keV and 64 keV, r e s p e c t i v e l y .  There i s  

a c l e a r ,  n e g a t i v e  c o r r e l l a t i o n  between t h i s  r a t i o  and t h e  e l e c t r o n  

f l u x e s  (see F i g u r e  5 ) ,  and t h e  h i g h e s t  v a l u e s  of t h i s  r a t i o  w e r e  

observed  c l o s e  t o  t h e  p e a k s  i n  t h e  a u r o r a l  l u m i n o s i t y .  S i m i l a r  
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v a r i a t i o n s  a r e  found i f  t h e  i n t e g r a l  f l u x e s  of e l e c t r o n s  above 

40 keV ene rgy  a r e  compared w i t h  t h e  o t h e r  ene rgy  c h a n n e l s  on t h e  

r o c k e t  below 100 k e V .  The s p e c t r a  found by  R i e d L e r  do n o t  conform t o  

any of  t h e  " s t a n d a r d "  [ e x p o n e n t i a l  or power law) s p e c t r a  . I t  is i n t e r e s t i n g  

t o  note ,however ,  t h a t  t h e  r a t i o s  between t h e  e l e c t r o n  f l u x e s  above 

40  and 64 keV corxespond t o  v e r y  h a r d  e q u i v a l e n t  power law s p e c t r a .  

Near t h e  p e a k s  t h e  e q u i v a l e n t  power law s p e c t r a  can  be c h a r a c t e r i z e d  

by an exponent  y = 2 ,  which i s  much less t h a n  what  i s  normal ly  found 

a t  t h e s e  l a t i t u d e s  (O 'Br ien  e t  a l ,  1 9 6 2 ) .  

The v a r i a t i o n s  i n  t h e  a v e r a g e  d i f f e r e n t i a l  ene rgy  spec t rum. .nea r  

t = 170 sec a s  deduced from R i e d l e r ' s  i n t e g r a l  s p e c t r a l  observa-  

t i o n s  a r e  g i v e n  i n  F i g u r e  6 ,  which c l e a r l y  d e m o n s t r a t e s  how t h e  

r e l a t i v e  abundance of h i g h  ene rgy  e l e c t r o n s  i n c r e a s e  toward  t h e  peak  

(t = 175 sec) .  I n  f a c t ,  n e a r  t = 175 sec t h e r e  is p r o b a b l y  a maximum 

i n  t h e  spec t rum close t o  E = 90 k e V ,  a s  shown b y  R i e d l e r  (1966) .  

From t h e s e  o b s e r v a t i o n s  w e  conc lude  t h a t  a l t h o u g h  t h e  r e l a t i v e  

abundance of low ene rgy  e l e c t r o n s  i s  v e r y  h i g h  i n  t h e  a u r o r a l  zone 

when ave raged  o v e r  s e v e r a l  k i l o m e t e r s  ( a s  done b y  s a t e l l i t e  b o r n e  

c o u n t e r s ) ,  t h e  spec t rum i n s i d e  t h e  v i s u a l  forms seems t o  be p o p u l a t e d  

by  a r e l a t i v e l y  h i g h e r  number of e l e c t r o n s  above 10 keV ene rgy  t h a n  

t h e  "background" spec t rum.  T h i s  means t h a t  t h e  s a t e l l i t , e  d a t a  s h o u l d  

be used  w i t h  c a u t i o n ,  i f  one  wan t s  t o  i n v e s t i g a t e  t h e  a u r o r a l  forms 

and t h e i r  o r i g i n .  

L_ P i t c h - a n q l e  d i s t r i b u t i o n s  of a u r o r a l  p a r t i c l e s  

A l a r g e  number of p a r t i c l e  p i t c h a n g l e  d i s t r i b u t i o n  s t u d i e s  

have  been  r e p o r t e d  i n  l i t e r a t u r e  d u r i n g  r e c e n t  y e a r s .  The p a r t i c l e  

p i t c h a n g l e  d i s t r i b u t i o n  i s  b e l i e v e d  t o  p r o v i d e  i n f o r m a t i o n  on ( a )  

t h e  l o c a t i o n  o f  t h e  s o u r c e  o f  a c c e l l e r a t i o n  ( H u l t q v i s t ,  1964; Anqer, 

1 9 6 7 ) , ( b )  low a l t i t u d e  geomagnet ic  f i e l d  d i s t o r t i o n s  and e lec t r ic  

f i e l d s  (McDiarmid e t  a l ,  1961  . Cumminqs e t  a l ,  1966; Mozer and 
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Brus ton ,  1966; Evans,  1966)  and (c )  t h e  impor tance  o f  a tmosphe r i c  

s c a t t e r i n g  (O 'Br i en ,  1964; Maehlum and S t a d s n e s ,  1967 and Walt  

e t  a l ,  1967) .  

Except f o r  a v e r y  l i m i t e d  number of  " i r r e g u l a r "  p i t c h a n g l e  d i s -  

t r i b u t i o n s  of p r e c i p i t a t e d  p a r t i c l e s ,  which w i l l  be d i s c u s s e d  i n  

t h e  f o l l o w i n g ,  t h e  o b s e r v a t i o n s  can be grouped i n t o  two c l a s s e s :  

(i) During p e r i o d s  of l o w  p r e c i p i t a t i o n  t h e  f l u x e s  a r e  peaked i n  

a d i r e c t i o n  normal t o  t h e  geomagnet ic  f i e l d  l i n e s .  T h i s  h a s  been  

i n t e r p r e t e d  a s  an i n d i c a t i o n  t h a t  t h e  "loss cone" has  been  developed  

th rough  m u l t i p l e  p a r t i c l e  bounces between t h e  hemispheres .  ( i i )  

During p e r i o d s  of h i g h  p a r t i c l e  p r e c i p i t a t i o n  t h e  f l u x e s  appea r  t o  be 

i s o t r o p i c a l l y  d i s t r i b u t e d  over  t h e  upper hemisphere,  S a t e l l i t e  

b o r n e  c o u n t e r s  have neve r  s e e n  p i t c h a n g l e  d i s t r i b u t i o n s  o f  p a r t i c l e s  

which a r e  peaked i n  a d i r e c t i o n  a l o n g  t h e  geomagnet ic  f i e l d  l i n e s .  

T h i s  h a s  b e e n  i n t e r p r e t e d  a s  an i n d i c a t i o n  t h a t  t h e  p a r t i c l e  

a c c e l l e r a t i o n  t a k e s  p l a c e  i n  a r e g i o n  of  s p a c e  where t h e  geomagnet ic  

f i e l d  i s  much lower t h a n  t h e  f i e l d  i n  t h e  a u r o r a l  zone ( H u l t q v i s t ,  

1964; Anqer,  1 9 6 7 ) .  

S a t e l l i t e  borne c o u n t e r s  have a l s o  been  used  f o r  s t u d i e s  of 

t h e  e l e c t r o n  ' Ia lbedo",  It  h a s  been  found t h a t  t h e  ave rage  number 

of  "downgoing" e l e c t r o n s  i n  t h e  ene rgy  r e g i o n s  15  eV-10 keV and 

40 keV-200 keV i s  about  t e n  t i m e s  h i g h e r  t h a n  t h e  ave rage  number 

of "upgoing" e l e c t r o n s  i n  t h e  same energy  i n t e r v a l s  (O 'Br ien ,  1964; 

Johnson e t  a l ,  1967; McDiarmid e t  a l ,  1966) .  These numbers a r e  

i n  f a i r  agreement  w i t h  t h e o r e t i c a l  e s t i m a t e s  i f  t h e  p r e c i p i t a t e d  

e l e c t r o n s  a r e  assumed t o  be i s o t r o p i c a l l y  d i s t r i b u t e d  ( S t a d s n e s  and 

Maehlum, 1 9  5; Walt  e t  a l ,  1967) .  Most r o c k e t  o b s e r v a t i o n s  of 

p i t c h a n g l e  d i s t r i b u t i o n s  of p r e c i p i t a t e d  and b a c k - s c a t t e r e d  e l e c t r o n s  
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and p r o t o n s  s u p p o r t  t h e  g e n e r a l  p i c t u r e  o b t a i n e d  from t h e  s a t e l l i t e  

d a t a ,  a l t h o u g h  t h e  p i t c h a n g l e  cove rage  of t h e  p a r t i c l e  observa-  

t i o n s  from r o c k e t s  g e n e r a l l y  i s  v e r y  incomple t e .  Three p e c u l i a r  

p i t c h a n g l e  d i s t r i b u t i o n s  which d e v i a t e  s i g n i f i c a n t l y  from t h e  rest 

have  been  p r e s e n t e d  by McDiarmid e t  a l ,  (1961);Cumminqs e t  a l ,  (1966);  

and Mozer and Brus ton ,  (1966) .  A l l  o f  t h e s e  d i s t r i b u t i o n s  show a 

s i g n i f i c a n t l y  h i g h e r  r e l a t i v e  p a r t i c l e  f l u x  up t h e  f i e l d  l i n e s  t h a n  

what c o u l d  a p p a r e n t l y  be accounted  fo r  by simple coulomb s c a t t e r i n g .  

N o  s i m i l a r  abnormal e l e c t r o n  a l b e d o  f l u x e s  have e v e r  been  observed  

a t  s a t e l l i t e  a l t i t u d e s ,  

T h i s  i n t r o d u c e s  t h e  q u e s t i o n  o f  possible e l e c t r o n  p i t c h a n g l e  

d i s t o r t i o n s  between s a t e l l i t e  a l t i t u d e s  and a l t i t u d e s  where v a r i o u s  

a u r o r a l  phenomena occur,  due t o  low a l t i t u d e  electric f i e l d s  and/or 

geomagnet ic  f i e l d  d i s t o r t i o n s ,  The p r e s e n c e  of a f i e l d - a l i g n e d  

e lectr ic  f i e l d  w i l l  ( a )  s h i f t  t h e  mirror  p o i n t s  of t h e  p r e c i p i t a t e d  

p a r t i c l e s  up  and down i n  t h e  atmosphere,  which c a u s e  changes i n  

t h e  e l e c t r o n  s c a t t e r i n g  and (b) a c c e l e r a t e  charged  p a r t i c l e s  of the rma l ,  

e n e r g i e s  i n  t h e  e lectr ic  f i e l d  r e g i o n .  Such mechanisms have been  

s u g g e s t e d  by  McDiarmid e t  al, (1961) and Mozer and B r u s t o n ,  (1966) 

t o  e x p l a i n  c e r t a i n  abnormal p i t c h a n g l e  d i s t r i b u t i o n s  observed .  

Although f i e l d - a l i g n e d  e lec t r ic  f i e l d s  have been obse rved  (Mozer and 

Brus ton ,  1 9 6 7 ) ,  it i s  n o t  c l e a r  how i m p o r t a n t  t h e s e  f i e l d s  a r e  i n  

modula t ing  t h e  p a r t i c l e  f l u x e s  a t  l o w  a l t i t u d e s .  

Ano-Lher p i t c h a n g l e  modu la t ing  e f f e c t  s u g g e s t e d  by Cumminqs e t  

-# a 1  (1966) r e f e r s  t o  t h e  geomagnet ic  f i e l d  d i s t o r t i o n  caused  by t h e  

a u r o r a l  c u r r e n t  sys tem.  Recen t ,  q u a n t i t a t i v e  s t u d i e s  of t h e  i n t e r -  

a c t i o n  between t h e  p i t c h a n g l e  d i s t r i b u t i o n  of p r e c i p i t a t i n g  e l e c t r o n s  

and t h e  a u r o r a l  c u r r e n t  show t h a t  t h i s  effect  can  c a u s e  a s i g n i f i c a n t  

d i s t o r t i o n  i n  t h e  p a r t i c l e  p i t c h a n g l e  d i s t r i b u t i o n  between r o c k e t  

and s a t e l l i t e  a l t i t u d e s  (Maehlum and O 'Br i en ,  1967) .  T h i s  e f f e c t  i s  
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of p a r t i c u l a r  impor tance  when t h e  f l u x e s  of e l e c t r o n s  a r e  a n i s o t r o p i c ,  

I n  a r e g i o n  of enhanced geomagnet ic  f i e l d  t h e  e lec t ron  a l b e d o  i s  

much h i g h e r  t h a n  normal ,  p a r t l y  b e c a u s e  of a g e n e r a l  " l i f t i n g "  

of t h e  mirror p o i n t s  above t h e  atmosphere,  p a r t l y  because  e l e c t r o n s  

which e n t e r  t h e  atmosphere a t  h i g h  p i t c h a n g l e s  a r e  e a s i l y  s c a t t e r e d  

o u t  of t h e  atmosphere (Maehlum and S t a d s n e s ,  1 9 6 7 ) .  I n  t h e  r e g i o n s  

where t h e  a u r o r a l  c u r r e n t  sys tem c a u s e s  d e c r e a s e s  i n  t h e  geomagnet ic  

f i e l d  t h e r e  w i l l  c o r r e s p o n d i n g l y  be a d e c r e a s e  i n  t h e  a l b e d o ,  due 

t o  enhanced s c a t t e r i n g  and a b s o r p t i o n  i n  t h e  atmosphere.  

For  a c u r r e n t  system which c a u s e s  a d i s t u r b a n c e  on t h e  ground 

of  a few hundred gammas, t h e  f i e l d  c l o s e  t o  t h e  c u r r e n t  a t  100-160 km 

a l t i t u d e  may a c t u a l l y  d e v i a t e  from t h e  q u i e t  day v a l u e  a s  much a s  

10-15 p e r c e n t  i f  t h e  c u r r e n t  h a s  a f i l a m e n t a r y  s t r u c t u r e .  It  is 

i n t e r e s t i n g  t o  n o t e  t h a t  an i n c r e a s e  of 15 p e r c e n t  i n  t h e  geomagnet ic  

f i e l d  between LOO and 160 km would c a u s e  most of  t h e  p r e c i p i t a t e d  

p r o t o n s  obse rved  by Mozer and Brus ton  (1966)  t o  mirror above t h e  

a tmosphe r i c  s c a t t e r  r e g i o n  ( F i g u r e  7 ) ,  which means t h a t  t h e  f l u x e s  

of downgoing p a r t i c l e s  s h o u l d  e q u a l  t h e  f l u x e s  of upgoing p a r t i c l e s .  

T h i s  i s  a c t b a l l y  what was obse rved  a t  t h a t  p a r t i c u l a r  p e r i o d ,  from 

which Mozer and Brus ton  (1966) " i n  l a c k  of o t h e r  p o s s i b i l i t i e s "  con- 

c luded  t h a t  a s t r o n g  electric f i e l d  p a r a l l e l  t o  t h e  geomagnet ic  f i e l d  

l i n e s  was present below 300 km. 

o ther  p r o t o n  e n e r g i e s  and on o t h e r  t y p e s  of charged  p a r t i c l e s  one  can  

h a r d l y  d i s t i n g u i s h  between e lec t r ic  and geomagnet ic  s o u r c e s  f o r  

p i t c h a n g l e  modu la t ions .  

Wi thout  knowing p o s s i b l e  e f f e c t s  on 

The abnormal h i g h  e lec t ron  a l b e d o  obse rved  by Cumminqs e t  a l ,  (1966)  

h a s  neve r  been  e x p l a i n e d ,  a l t h o u g h  a d e t a i l e d  a n a l y s i s  o f  t h e  problem 

h a s  been  done by  t h e  a u t h o r s  and others (Walt e t  a l ,  1967) .  
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U n f o r t u n a t e l y ,  i n  a lmos t  no c a s e s  have  t h e  complete p i t c h a n g l e  

d i s t r i b u t i o n s  o f  p r e c i p i t a t e d  p a r t i c l e s  been  measured, and it is  

t h e r e f o r e  d i f f i c u l t  t o  e v a l u a t e  how much simple coulomb s c a t t e r i n g  

a c t u a l l y  c o n t r i b u t e s  t o  t h e  a p p a r e n t  p a r t i c l e  a lbedo .  I n  order 

t o  i l l u s t r a t e  t h e  problem l e t  u s  c o n s i d e r  t h r e e  model p i t c h a n g l e  

d i s t r i b u t i o n s  fo r  p r e c i p i t a t i n g  e l e c t r o n s  and compute t h e  p i t c h a n g l e  

d i s t r i b u t i o n  of b a c k s c a t t e r e d  e l e c t r o n s  [ F i g u r e  81, The p r e c i p i t a t e d  

e l e c t r o n  spec t rum i s . a s s u m e d  t o  obey an e x p o n e n t i a l  law w i t h  e - f o l d i n g  

energy  E = 25 k e V ,  and t h e  f l u x e s  a r e  assumed t o  be measured by an 

i n t e g r a l  p a r t i c l e  c o u n t e r  w i t h  low-energy .cu t -of f  a t  E = 40 keV. 
0 

C 

When t h e  p r e c i p i t a t e d  e l e c t r o n s  have  an i so t ropic  p i t c h a n g l e  

d i s t r i b u t i o n ,  ( F i g u r e  8 A ) ,  t h e  r a t i o  ( ) )  between t h e  e l e c t r o n  

f l u x e s  i n  t h e  lower and t h e  upper  hemisphere  v a r i e s  between 1.0 and 

0.1. T h i s  is i n  agreement w i t h  s a t e l l i t e  o b s e r v a t i o n s  (O'Brien,  

1964) .  

For  f i e l d - a l i g n e d  e l e c t r o n  f l u x e s  ( F i g u r e  8B) R ( a )  - is s i g n i f i -  

c a n t l y  h i g h e r  t h a n  u n i t y  i n  d i r e c t i o n s  normal t o  t h e  l o c a l  geomagnet ic  

f i e l d  l i n e .  I t  w a s  s u g g e s t e d  by  S t a d s n e s  and Maehlum, (1965) t h a t  

t h i s  e l e c t r o n  c o n f i g u r a t i o n  c o u l d  e x p l a i n  t h e  abnormal e l e c t r o n  a lbedo  

observed  b y  McDiarmid e t  a l .  (1961). However, a s  f i e l d - a l i g n e d  e l e c t r o n  

f l u x e s  have  neve r  been  obse rved  from s a t e l l i t e s ,  t h i s  e x p l a n a t i o n  

does n o t  appear  t o o  a t t r a c t i v e  (Walt e t  a l ,  1967) .  

When t h e  e l e c t r o n  f l u x e s  a r e  peaked  i n  a d i r e c t i o n  normal t o  

t h e  geomagnet ic  f i e l d  v e c t o r  ( F i g u r e  8 C )  t h e  o v e r - a l l  f l u x e s  of 

a l b e d o  e l e c t r o n s  a r e  f a i r l y  h igh ,  and f o r  l o w  p i t c h a n g l e s  R ( a )  exceeds  

u n i t y .  It  is  i n t e r e s t i n g  t o  compare t h i s  i l l u s t r a t i o n  w i t h  the  

abnormally h i g h  e l e c t r o n  albedo observed  by Cumminqs e t  a l ,  (1966) .  

'Nea r  t h e  b e g i n n i n g  of t h e  f l i g h t  t h e  obse rved  r e f l e c t i o n  c o e f f i c i e n t  

was e q u a l  t o  u n i t y ,  and t h e  p i t c h a n g l e  d i s t r i b u t i o n  was peaked i n  a 

aa.---- 
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d i r e c t i o n  normal  t o  t h e  l o c a l  f i e l d .  The a n g l e s  between t h e  

r o c k e t  a x i s  and t h e  t w o  e l e c t r o n  detectors w e r e  a = 50 0 and &y, = 130°, 

r e s p e c t i v e l y .  

to t h e  l o c a l  f i e l d  v e c t o r ,  t h e  c o u n t e r s  would have  been  l o o k i n g  

I f  t h e  r o c k e t  a x i s  happened t o  be o r i e n t e d  p a r a l l e l  

. i n t o  t h e  r e g i o n  where the a p p a r e n t  r e f l e c t i o n  c q e f f i c i e n t  ( R ( a ) )  

i s  close t o  u n i t y  and t h i s  cou ld  p o s s i b l y  e x p l a i n  the abnormally 

h i g h  v a l u e s  obse rved .  

of knowing t h e  comple te  a n g u l a r  d i s t r i b u t i o n  of t h e  p a r t i c l e s  when 

s t u d i e s  of low a l t i t u d e  p i t c h a n g l e  modu la t ions  a r e  performed.  

. .  

F i g u r e  8 c l e a r l y  d e m o n s t r a t e s  t h e  impor tance  
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CONCLUDING REMARKS 

Upper a t m o s p h e r i c  phenomena i n  t h e  a u r o r a l  zone show r a p i d  

v a r i a t i o n s  i n  t i m e  and s p a c e ,  and comparison between a v e r a g e  v a l u e s  

of v a r i o u s  p a r t i c l e  and uppe r  a tmosphefe  o b s e r v a t i o n s  can  g i v e  

v e r y  m i s l e a d i n g  r e s u l t s .  

Recent  y e a r s '  s y s t e m a t i c  s a t e l l i t e  o b s e r v a t i o n s  of p r e c i p i t a t e d  

p a r t i c l e  f l u x e s  have  shown t h a t  t h e  f l u x e s  v a r y  by  many o r d e r s  of 

magnitude a t  h i g h  l a t i t u d e s ,  b u t  v e r y  f e w  a t t e m p t s  have  y e t  been  

made t o  r e l a t e  these v a r i a t i o n s  t o  a c t u a l  v a r i a t i o n s  i n  t h e  a u r o r a l  

l u m i n o s i t y ,  upper  a tmosphere  i o n i z a t i o n  etc.  Rocket  o b s e r v a t i o n s  

have  shown p a r t i c l e  p i t c h a n g l e  and e n e r g y  d i s t r i b u t i o n s  which d e v i a t e  

s i g n i f i c a n t l y  from t h e  a v e r a g e  v a l u e s  o b t a i n e d  from s a t e l l i t e  ob- 

s e r v a t i o n s ,  I t  is n o t  y e t  c l e a r  whe the r  t h e  d i f f e r e n c e s  a r e  caused  

by  s t a t i s t i c a l  s p r e a d  i n  t h e  d a t a ,  or i f  v a r i o u s  l o w - a l t i t u d e  p ro -  

cesses may modula te  t h e  p a r t i c l e  f l u x e s  below s a t e l l i t e  a l t i t u d e s .  

I n  o r d e r  t o  s t u d y  t h e  r e l a t i o n s h i p  between t h e  p a r t i c l e  f l u x e s  

a t  s a t e l l i t e  a l t i t u d e s  and a u r o r a l  f i n e - s t r u c t u r e d  phenomena i n  

more d e t a i l ,  one needs  h i g h  t i m e  r e s o l u t i o n  c o u n t e r s  and TV 

cameras  on t h e  same s a t e l l i t e ,  s u c h  a s  O 'Br i en  i s  p l a n n i n g  i n  t h e  

O W L - s a t e l l i t e s ,  o r  s y n o p t i c ,  w e l l  c o o r d i n a t e d  ground-based observa-  

t i o n s  of a u r o r a l  s t r u c t u r e  and s a t e l l i t e  o b s e r v a t i o n s  of p a r t i c l e  

p r e c i p i t a t i o n ,  such  a s  done by  t h e  Lockheed-group (Johnson,  e t  a l ,  1967).  
, .  
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FIGURE CAPTI ONS 

F i g u r e  1. Simul t aneous  o b s e r v a t i o n s  of t r a p p e d  and p r e c i p i t a t e d  

e l e c t r o n s  and o p t i c a l  e m i s s i o n  from t h e  atmosphere 

(O 'Br ien ,  1964) .  

0 0 
F i g u r e  2 .  "Trapped" (a = 90 ) and " p r e c i p i t a t e d "  (a  = 50 ) f l u x e s  

of  h i g h e r  t h a n  40 keV energy  e lec t rons  a t  v a r i o u s  l o c a l  

h o u r s  d u r i n g  q u i e t  c o n d i t i o n s  i n  t h e  a u r o r a l  zone.  

F i g u r e  3 .  L a t i t u d i n a l  v a r i a t i o n s  of t h e  " i n d i c e s  of i s o t r o p y "  

(upper  p a r t )  and t h e  f l u x e s  of p r e c i p i t a t e d  e l e c t r o n s  

( lower p a r t ) .  A l l  o b s e r v a t i o n s  a r e  r e f e r r e d  t o  a 

c o o r d i n a t e  sys tem which i s  f i , x e d  r e l a t i v e  t o  t h e  h i g h  

, l a t i t u d e  boundary of t r a p p i n g  (3; ) .  
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F i g u r e  4.  L a t i t u d i n a l  v a r i a t i o n s  of t h e  e l e c t r o n  p r e c i p i t a t i o n  

and t h e  i n t e n s i t y  of o p t i c a l  e m i s s i o n  ( A  = 39148) 

i n  t h e  upper  a tmosphere d u r i n g  t h r e e  s a t e l l i t e  p a s s e s  

over  Nor th  America. 

F i g u r e  5,  O p t i c a l  and p a r t i c l e  o b s e r v a t i o n s  o b t a i n e d  d u r i n g  an 

a u r o r a l  e v e n t  ove r  Andenes, Norway (Cour tesy  R i e d l e r ,  

1966) .  

F i g u r e  6 ,  V a r i a t i o n s  i n  t h e  e l e c t r o n  ene rgy  spectrum i n s i d e  

a u r o r a l  s t r u c t u r e  ( c o u r t e s y  R i e d , l e r ,  1966) , 

F i g u r e  7.  P i t c h  angle d i s t r i b u t i o n  o f  p r e c i p i t a t e d  p r o t o n s  a k - a n  

a l t i t u d e  of 300 km i n  t h e  a u r o r a l  zone (Cour t e sy  Mozer 

and Brus ton ,  1966) .  



-24- 

F i g u r e  8. B a c k s c a t t e r e d  f l u x e s  of  e l e c t r o n s  (broken  l i n e s )  

computed f o r  t h r e e  model p i t c h  a n g l e  d i s t r i b u t i o n s  

of p r e c i p i t a t e d  e l e c t r o n s  ( f u l l  l i n e s )  



F i g u r e  1 



2. 

25.0 

1 
6.0 1.0 8.0 

1 1 
R f V U t U T i O ~  794 

LOCAL H U U R - L ~ ~ ~ O  

1.7.0 1.5 8.0 8.5 

I 
R E V O t U T I O 4  910 

LOCN ticIUb0140 

1 1 I 

I I I I 
50 too SECUYDS 

F i a u r e  2 



w 
0 

r 
5 
P 
0 

r 
Z I  

0 
- 

r 
2 

X 

X 

x 

5t 

3 

x x x  

x 

X 

1 I I 

X x x  

I 

RATIO BETWEEN PRECIPITATE%) 
81 TRAPPED ELECTRON FLUXES 

0 A 0 
0 0 0 - - v 

- 00 

0 

F i g u r e  3 



i f l  LOCAL REYRLUTlOll HOUR 2320 794 - 2350 

PIIOTOkKTER 

- 
REYOLUTlrJI4 807 

LDCdt HOUR 2320 - 2345 

.= 5 6 

I 

I 

SECONDS 

50 100 s f. c 5 w D s 



-1GHT (4278 8, 

-ELECTRON 

120 140 146.5 140 120 100 80 kin 

Y 
2 

3 

4 

- 
3 

-. 
3 

201304 

Figure 5 



1 I 1 

-b, 
\ 

I60 

AVERAGE, Bf FFERENTL' 
ELECTRON FLUXES 

0 48-46hoV 
x 46-64ksV 
@ 64 -82keV 
A 82-104koV 

40 60 
- 

80 100 koV 

F i g u r e  6 
201Y2 



2( 

7 
0 
X 

a I! w 
I- 
cr) 
I 
0 

IC 
N 
E 

cn Y 
$j! s cr a . .  

I I I I I 
50 70 90 110 13C 

' m  (DEGREES) 

F i g u r e  7 



I 
I 
/ 

/ 
/ 

1 .  
f 

i 
I 
I 
I 
I 
I 

I CJ 
0 - 0 - 


